Abstract. The present study aims to design hepatic targeted curcumin (CUR) nanoparticles using Gantrez (GZ) as a polymer. Three carbohydrate-based hepatocyte asialoglycoprotein receptor (ASGP-R) ligands were selected for the study, namely kappa carrageenan (KC), arabinogalactan (AG), and pullulan (P). AG and KC are galactose based while P is a glucose-based polymer. CUR-GZ nanoparticles were prepared by nanoprecipitation and anchored with the ligands by nonspecific adsorption onto preformed nanoparticles. The change in zeta potential values confirmed adsorption of the ligands. Docking simulation was evaluated as a tool to predict ligand ASGP-R interactions, using grid-based ligand docking with energies (Glide). Monomers and dimers were used as representative units of polymer for docking analysis. The binding of ASGP-R was validated using D-galactose as monomer. The interaction of the ligands with the receptor was evaluated based on Glide scores and E model values, both for monomers and dimers. The data of the docking study based on Glide scores and E model values suggested higher affinity of AG and P to the ASGP-R, compared to KC. At 1 h, following intravenous administration of the nanoparticles to rats, the in vivo hepatic accumulation in the order CUR-GZAG > CUR-GZKC > CUR-GZP correlated with the docking data based on Glide scores. However, at the end of 6 h, pullulan exhibited maximum hepatic accumulation and arabinogalactan minimum accumulation (p<0.05). Nevertheless, as predicted by docking analysis, arabinogalactan and pullulan revealed maximum hepatic accumulation. Docking analysis using dimers as representative stereochemical units of polymers provides a good indication of ligand receptor affinity. Docking analysis provides a useful tool for the preliminary screening of ligands for hepatic targeting.
INTRODUCTION
Targeted drug delivery to the liver for diseases like hepatitis, cirrhosis, fibrosis, and hepatocellular carcinoma could provide enhanced efficacy with decreased toxicity. While nanocarriers provide an important strategy for enhanced delivery to the liver, they are sequestered rapidly by hepatic Kupffer cells, thereby limiting accumulation in the hepatocytes (1, 2) . However, enhanced drug accumulation in hepatocytes is essential for improved therapy in such diseases. Strategies to bypass Kupffer cells coupled with receptorbased targeting to hepatocytes could provide an immense advantage. The asialoglycoprotein receptor (ASGP-R), often overexpressed in hepatic diseases, is a promising target (3).
The limited presence of ASGP-R at few other sites in the body provides an additional advantage (4, 5) .
The ASGP-R also termed as hepatic lectin exhibits high affinity for galactose-based carbohydrates in the form of triand tetraantennary oligosaccharides with galactose at its terminal (6) . Carbohydrate polymers such as pullulan (a glucose-based polymer) and arabinogalactan (a galactosebased polymer) have shown promise as ligands for ASGP-Rmediated targeting to liver. Enhanced hepatic accumulation of pullulan nanoparticles and pullulan drug conjugates is reported (7) (8) (9) (10) (11) (12) (13) (14) . A marked decrease in hepatic accumulation of pullulan when co-administered with arabinogalactan suggests higher affinity of the ASGP-R for galactose-based ligands. Such influence of galactose density on ligand receptor binding has been demonstrated with Tri-Gal > Di-Gal > Mono-Gal (15) (16) (17) (18) (19) .
Receptor ligand binding is governed by the stereochemical conformation and functional groups of ligands. For the sugar monomer, the hydroxyl group position and density of sugar moieties play an important role (20) . Docking simulation can provide detailed electronic properties as well as dynamic aspects of structural mechanisms to explain such ligand receptor interactions. Docking analysis could serve as a useful tool for predicting receptor-ligand interaction in vivo.
Electronic supplementary material The online version of this article (doi:10.1208/s12248-013-9474-6) contains supplementary material, which is available to authorized users.
Nevertheless, studies in this direction are sparse. Massarelli (21) reported alginates and ulvans as possible ASGP-R ligands by docking their monomers that constituted the building blocks for the polymer; however, this has not been confirmed in vivo.
Curcumin (CUR), a nutraceutical, has been reported to possess therapeutic benefits in hepatocellular carcinoma and other liver diseases (22, 23) . The present study aims to design hepatic-targeted Gantrez nanoparticles of CUR. Three carbohydrate-based ligands were selected for the study, namely kappa carrageenan, arabinogalactan, and pullulan. Arabinogalactan is a highly branched carbohydrate polymer, comprising ∼86% of galactose, with galactose/arabinose in the ratio of 6:1. Kappa carrageenan is a linear, galactose polymer comprising galactose and galactose sulfate, while pullulan is glucose-based polymer.
Evaluating docking simulation as a tool to predict ligand receptor interactions in silico and correlation with in vivo data was the objective of the study. In vivo evaluation following intravenous administration of curcumin-loaded Gantrez nanoparticles anchored with the three selected ligands was studied in healthy rats (Sprague-Dawley).
MATERIALS AND METHODS

Materials
Commercial curcumin (mixture of curcuminoids) (95% w/w) and Gantrez® AN 119 (poly(methyl vinyl ether-co-maleic anhydride)) with an average molecular weight of 200,000 were gifts from Konark Herbals & Health Care, Daman, India and ISP, Anshul Life Sciences, India, respectively. Pullulan (Hayashibara) and kappa carrageenan were gifts by Gangwal Chemicals and Lucid Colloids Ltd., India, respectively. Bisdemethoxycurcumin and demethoxycurcumin (purity >99%) were procured from Sami Chemicals, Bangalore, India. Arabinogalactan (AG) and 17β-estradiol were purchased from Sigma, Mumbai. Acetone, dextrose, methanol, orthophosphoric acid, polyethylene glycol 400, sodium ethylenediaminetetraacetate (sodium EDTA), and Tween 80 (spectroscopic or analytical grade) were acquired from SD Fine Chemicals, India. Magnesium acetate was procured from Merck, India. Sodium pertechnetate ( 99m Tc) was freshly extracted from 99 molybdenum, which was received from the Board of Radiation and Isotope Technology (Mumbai, India), by solvent extraction. Anesthetics ketamine hydrochloride injection and xylazine hydrochloride injection were procured from the local market. HPTLC plates were procured from Himedia Laboratories. Other solvents and chemicals used were analytical/spectroscopic grade. Double-distilled water filtered through a 0.45 μm-membrane filter was used throughout the experiments.
Method
Preparation of ligand-anchored curcumin Gantrez nanoparticles (CUR-GZ NPs) CUR-GZ nanoparticles were prepared by nanoprecipitation. Briefly, CUR (10 mg) and Gantrez® AN 119 (10 mg) dissolved in acetone (10 mL) were added using a syringe fitted with a needle of gauge 26 1/2 (0.45×13 mm) to an aqueous phase (20 mL) containing Tween 80 (0.05% w/v) with continuous stirring. Aqueous magnesium acetate solution (5% w/v, 1 mL) enabled cross linking of Gantrez® AN 119 (24, 25) . The dispersion was stirred for approximately 3 h at 25±2°C till complete removal of the organic solvent by evaporation. Centrifugation (Eltek4100 D Research Centrifuge) at 15,000 rpm for a period of 30 min was carried out to separate the CUR-GZ NPs. Following centrifugation, the supernatant was analyzed for un-entrapped CUR by UV spectrophotometry (Shimadzu, Japan) at 425 nm. Entrapment efficiency (%EE) was calculated using the equation below:
The resultant pellet was washed twice with water and redispersed in 2.5 mL particulate-free (filtered through 0.22 μm) water using a probe sonicator (DP120, Dakshin Mumbai, India) with 10-s pulse at 200 V, for 8 min kept in an ice bath, and freeze-dried (FreeZone 4.5, USA) using trehalose as cryoprotectant (20%). Lyophilized samples were characterized for nanoparticle size after reconstitution in particulate-free water (as mentioned in "Materials and Methods" section).
Aqueous solutions (1% w/v) of pullulan and arabinogalactan were prepared by dissolving in distilled water at room temperature (28°C). A solution of kappa carrageenan (1% w/v) in distilled water was prepared by heating at 70°C, followed by cooling to 28°C and filtration prior to use. Aliquots of these solutions to maintain a Gantrez AN 119/ligand ratio of 1:1 (w/w) were added to the CUR-GZ NP pellet obtained after centrifugation, and the dispersions were freeze dried.
Physicochemical characterization
Particle size. The mean diameter was determined by photon correlation spectroscopy, with light scattered at 90°on a N4 plus particle size instrument (Beckman Coulter, USA) at a temperature of 25°C. Dilutions of the dispersions to obtain an intensity of 5×10 4 to 1×10 6 final counts per second were carried out prior to recording the particle size.
Zeta potential. Zeta potential was determined using the Zetasizer Nano ZS (Malvern Instruments Ltd, Malvern, UK) using DTS Nano software. Nanoparticle dispersions, with the aid of a syringe, were filled into a capillary cell to record the zeta potential.
Scanning electron microscopy (SEM). Nanodispersion was dropped on an aluminum grid and dried in vacuum. The samples were sputtered with platinum using a coater JEOL JSM 1600 and analyzed on a scanning electron microscope (JEOL JSM 6380).
Differential scanning calorimetry (DSC).
Freeze-dried samples (5 mg) were placed in aluminum pans and crimped and DSC thermograms were obtained (PerkinElmer Pyris 6 DSC). Samples were heated from 40°C to 250°C at 10°C/min. An empty aluminum pan served as reference. The samples were continuously purged with nitrogen at a flow rate of 20 mL/min.
In vitro hemolytic assay
The hemolytic potential/erythrocyte toxicity of the nanoparticles was evaluated following a reported method (26) . Fresh rat blood was collected in a vial containing EDTA (anticoagulant). Erythrocytes were isolated from blood by sedimentation following centrifugation (3,500 rpm for 5 min). The erythrocytes were repeatedly washed with phosphatebuffered saline (PBS), pH 7.4, thrice by centrifugation. The erythrocyte pellet obtained after third washing was then diluted with buffer to prepare the erythrocyte stock dispersion.
Dispersions of CUR-GZ NPs with and without ligands were appropriately diluted to give 1, 2.5, 5, 10, 25, 50, 100, and 150 μg/mL of concentrations equivalent to CUR. To 1 mL of each of the solution, 100 μL of erythrocyte stock dispersion was added and the samples were incubated at 37°C for 60 min. The samples were subsequently centrifuged at 5,000 rpm for 10 min. To 100 μL of the supernatant, 2 mL of an ethanol/HCl mixture comprising l part conc. HC1 and 39 parts ethanol (99% v/v) was added. This mixture ensured solution of all the components and circumvented the precipitation of hemoglobin. The absorbance was recorded at 540 nm on a spectrophotometer using negative control as blank. PBS and double-distilled water served as negative and positive control, respectively.
Hemolysis (in percent) was calculated as follows (27) :
% Hemolysis ¼ absorbance of the sample ð Þ absorbance of the positive blank ð Þ Â 100
In vitro serum stability
The stability of CUR-GZ NPs in serum was determined by evaluating for change in particle size. Serum (10%) was diluted using phosphate-buffered saline (pH 7.4). A 4% w/v NP dispersion (1 mL) was added to 1 mL of diluted serum and incubated at 37±0.5°C for 6 h respectively and evaluated for nanoparticle size for 6 h.
Docking analysis
Molecular flexible docking studies were performed using the grid-based ligand docking with energies (Glide) (28), a computational program run within Maestro (29) and a graphical user interface by Schrödinger, LLC, New York, NY, installed on Before docking the ligands, the structural defects within the imported protein structure were corrected and generated using protein preparation wizard using Maestro. All the crystallographic water molecules, other than the molecules forming coordinate bonds with Ca 2+ ions within the binding sites, were removed. The bond orders and hydrogen atoms were assigned to define the correct ionization states. Zero-order bonds between metal and water molecules were generated after correcting the formal charges on metal and neighboring atoms. Optimized metal binding states were generated within pH 7.0± 4.0. An H-bond assignment was given to orient the water molecules to optimize H-bonding. Finally, an Impref minimization using OPLS 2005 force field was performed to relieve any strain and fine tune the protein structure. The calcium ion (CA-1002) at the active site showed eight coordinate bonds which include bonding with two water molecules (HOH-11 and HOH-13).
While kappa carrageenan comprises of repeated units of galactose, pullulan comprises of glucose and arabinogalactan comprises of galactose and arabinose. Dimers derived from these natural polymers of interest represented structural and conformational units of the polymers. With this perspective, α(1→6) Dglucose and α(1→4) D-glucose dimers of pullulan, β(1→3) Dgalactose and β(1→6) D-galactose dimers of arabinogalactan, and galactose dimers of kappa carrageenan were selected as the dimer. The 3D structures of pullulan and D-galactose were downloaded from PubChem database (http://pubchem.ncbi.nlm.nih.gov/) while that for arabinogalactan and kappa carrageenan they were taken from the literature for the docking studies (30) (31) (32) . The ligand structures were constructed using the 2D Sketcher in Maestro. A single low-energy 3D conformation of ligand was created with the help of LigPrep (33), using OPLS 2005 force field.
The active site of the protein was defined by taking centroid of Trp 243, Asp 241, Glu 252, Gln 239, Asp 265, and Asn 264 residues for generating the grid. The grid, i.e., a virtual box having a default length of 20 Å, was generated to restrict the docking process to take place within the grid space. Positional constraints were added to replace the oxygen atom of the Ca-coordinated water molecules (11, 13) as coordinate bonding of ligand is essential for binding to ASGP-R. Docking study was performed in the extra precision (XP) mode keeping "must match at least one constraint" criterion. The other building blocks of the polysaccharides were studied using the similar grid. Tc). The nanoparticle dispersion (CUR-GZ/ CUR-GZ P/CUR-GZ KC/CUR-GZ AG) was adjusted to pH 7.2 by adding citrate buffer and mixed over a shaker at 28°C and incubated for 20 min in a lead cell. The radiolabelling and binding efficiency were determined as reported earlier (27, 34) . The percent radiolabelling efficiency was calculated using following equation: % Radiolabelling efficiency ¼ activity in lower 1=3 portion of TLC plate activity in lower 1=3 þ upper 2=3 portion of TLC plate :
Radiolabelling efficiency was monitored up to 6 h to determine the stability of the radiolabelled complex.
Imaging. Healthy female Sprague-Dawley rats (BW 200± 20 g) were housed under standard laboratory conditions with access to pelleted feed and water ad libitum. Anesthesia was induced by injecting a cocktail solution of ketamine ) intramuscularly 20 min prior to study. For acquiring the scintigraphic images through Millennium MPS Acquisition System (multipurpose single head square detector), gamma camera fitted with low energy general purpose pinhole collimator, the animals were placed prone with a distance of 95 cm maintained between the collimator to table for all acquisitions. Radiolabelled CUR-GZ, CUR-GZ P, CUR-GZ KC, and CUR-GZ AG (approx. 500 μCi) were administered to rats intravenously through the tail vein. Difference in radioactivity after dosing and before dosing was measured on a gamma counter and gave an estimate of total injected dose. The data were acquired on GENIE acquisition station and then transferred to Entegra workstation for processing. Static images were recorded at 1, 3, and 6 h post-dosing for 1 min with a resolution of ×1.33 zoom. The region of interest (liver) was demarcated using Entegra software. The percentage uptake of the radiolabelled formulation at the end of 1, 3, and 6 h was estimated in the liver and counted by background subtraction and decay correction. At sixth hour, animals were sacrificed and organs were isolated. The organs (heart, spleen, lungs, stomach, liver, and small intestine) were washed with saline, dried, and weighed. Radioactivity in each organ was determined using a dose calibrator (Capnitech) and corrected for physical decay. The percent injected dose per gram of organ was estimated. The experimental protocol was approved by the animal ethics committee of the Bombay Veterinary College, Mumbai, India.
Statistical analysis
Data reported herein are expressed as mean±standard deviation in the tables and mean±standard error in the figures. Data were analyzed by one-way ANOVA with Dunnett's test and Student's t test. A p<0.05 was considered for statistical significance.
RESULTS
CUR-GZ NPs
CUR-GZ NPs were successfully prepared by nanoprecipitation with very high entrapment efficiency (84.1 ±0.3%), nanosize of 532.2±15.2 nm, and a negative zeta potential. Anchoring the ligands revealed no change in particle size; however, changes in zeta potential were observed (Table I) . Nanoparticles with and without ligands were successfully freeze dried with an S f /S i ratio less than 1.3 (35) . SEM imaging revealed spherical nanoparticles and particle size matched the results obtained with the photon correlation spectroscopy (Fig. 1) .
The DSC thermograms of the various samples are depicted in Fig. 2 . Crystalline CUR showed a thermal event at 177.63°C (ΔH090.64 J/g) corresponding to its melting point. The trehalose thermogram showed an endotherm at 100°C attributed to dehydration of the compound (36) , which was evident in the thermograms of the freeze-dried ligand-anchored nanoparticles. CUR-GZ NPs showed a mild thermal event at 173°C due to the melting of CUR. While a small peak for CUR exhibited for CUR-GZ suggesting partial amorphization, ligand-anchored nanoparticles exhibited no peak for CUR. Nanoparticles with/without ligands revealed low hemolysis of less than 10% even at high concentration of 150 μg/mL of CUR (Fig. 3a) suggesting adequate safety (37, 38) . No marked difference in particle size (Fig. 3b) confirmed the serum stability of the nanoparticles for 6 h.
Docking analysis
The active binding site for ASGP-R could be easily located on the surface of the H1 subunit. Figure 4a shows optimized docked pose of D-galactose at the active binding site and the interaction diagram of D-galactose with ASGP-R. Following docking into the active site, the ligands were ranked on the basis of their Glide score (or G score) and E model scores.
The Glide score is an experimental scoring function that calculates the ligand binding free energy (39) . It includes contributing terms such as electrostatic and van der Waals interactions and terms that influence ligand binding as seen in formula below:
where vdW is van der Waals energy, Coul is Coulomb energy, Lipo is lipophilic contact term, Hbond is hydrogen bonding term, Metal is metal binding term, BuryP is penalty for buried polar groups, RotB is penalty for freezing rotatable bonds, and Site is polar interactions in the active site, and the coefficients of vdW and Coul are a00.065 and b00.130. Model energy score (E model ) is a combination of the energy grid score, the binding affinity, and the internal strain energy (in flexible docking) of the model. Therefore, the E model is a more significant function in selecting best-docked pose for each ligand (pose selection), which is then ranked accordingly based on Glide score. The Glide score and Glide E model scores of the various ligands are shown in Table II . All the dimeric ligands showed good dock score compared to the known ligand D-galactose and formed similar type of interactions with the active sites.
All the ligands maintained the hydrophobic interaction of Trp 243 with either of C3, C4, C5, or C6 atoms of monomer shown in Supplementary Fig. 1 . D-galactose exhibited four hydrogen bonds. Similarly, kappa carrageenan, a 100% galactose ligand, also exhibited four hydrogen bonds, comparable to D-galactose. However, arabinogalactan exhibited five, six, and seven bonds attributed to the dimers, arabinose-galactose dimer, β(1→6), D-galactose dimer (Fig. 4c) , and β(1→3) Dgalactose dimer, respectively (Fig. 4b) . Pullulan exhibited a higher number of hydrogen bonds of 7 and 8 attributed to 
Biodistribution in rats by gamma scintigraphy
The radiolabelled complexes were stable up to 80% at the end of 6 h ( Supplementary Fig. 2 ) indicating adequate stability and their suitability for in vivo studies. In vivo stability of the 99m Tc-labelled complex was confirmed by the absence of radioactivity in the thyroid. Tc-labelled CUR-GZ, CUR-GZ AG, CUR-GZ KC, and CUR-GZ P 1, 3, and 6 h post-intravenous administration (mean±standard error, n04, ***p<0.01 between CUR-GZ and different CUR-GZ NPs) Tc activities were mainly found in RES (liver, lung, and spleen), whereas radioactivity in bone, muscle, stomach, and rest of the body was minimal (Fig. 5) . Maximum hepatic accumulation was seen with CUR-GZ P followed by CUR-GZ KC, CUR-GZ, and CUR-GZ AG, respectively. CUR-GZ P and CUR-GZ AG revealed a significantly lower (p<0.05) lung and heart accumulation compared to CUR-GZ, while CUR-GZ P showed significantly higher blood concentration suggesting the stealth property of pullulan.
The hepatic accumulation of ligand anchored nanoparticles over 6 h is depicted in Fig. 6 . CUR-GZ, CUR-GZ P, and CUR-GZ KC revealed an increase in hepatic accumulation over a period of 6 h while CUR-GZ AG revealed maximum concentration at 1 h followed by a decrease in concentration over time. Tc-labelled CUR-GZ, CUR-GZ AG, CUR-GZ KC, and CUR-GZ P These observations are confirmed from the scintigraphic images. The scintigraphic images of radiolabelled CUR-GZ NPs after 1, 3, and 6 h post-intravenous administration is shown in Fig. 7 .
DISCUSSION
Gantrez is a high molecular weight anhydride polymer which rapidly hydrolyses in aqueous medium to release a number of anionic groups (−COOH). The negative zeta potential of the CUR-GZ NPs is attributed to this property of Gantrez. The increase in zeta potential, significant with arabinogalactan and pullulan as ligands and less significant with kappa carrageenan, is attributed to the negative charge on kappa carrageenan due to galactose sulfate moieties. Moreover, the alteration in zeta potential confirmed the adsorption of ligands on the nanoparticles. This method of functionalization by nonspecific adsorption of ligands onto preformed nanoparticles provides the advantage of being simple (40) (41) (42) (43) . The negative charge of nanoparticles suggests the possibility of longer circulation and hence a higher probability of bypass of the Kupffer cells to reach hepatocytes (44) . High serum stability and low in vitro hemolysis suggested suitability of nanoparticles for intravenous administration.
Docking of polymers is generally a subject of debate due to the myriad conformations a polymer can acquire in solutions. Massarelli (21) reported docking of the monomeric carbohydrates, D-glucuronic acid, mannuronic acid, iduronic acid, sulfated L-rhamnose, and D-xylose, the basic structural units for alginates and ulvans, to explain affinity of these polymers with ASGP-R. In our study, we evaluated both monomers as dimers. While monomers represent chemical units, dimers could function as representatives of stereochemical polymer units, due to their greater constraints, and hence could better mimic polymer conformation and interactions in vivo compared to monomers.
Human ASGP-R (human lectin) is a calcium dependent, Ctype receptor on hepatocytes, which recognizes asialoglycoproteins with terminal nonreducing galactose for endocytosis. The binding of ASGP-R was validated using Dgalactose as monomer. Binding of galactose to the receptor was stabilized by four hydrogen bonds and hydrophobic bonding of Try 243 of active site of receptor with C3, C4, C5, and C6 atoms of D-galactose. The two and three −OH groups of galactose which formed coordinate bonds with the calcium ion of the receptor coincided exactly with the positions of water (water molecule nos. 11 and 13). The interatomic distance between the coordinate bond of Ca and O 2 was 2.8 Å (reported-3.0 Å) (21) and that between Ca and O 3 was 2.6 Å (reported-2.9 Å) (21) validated the ASGP-R binding grid. The E coulombic energy determined by Glide (−20.71) as opposed to the reported value of −28.84 by Massarelli I (21) using DelPhi is attributed to the PDB structure.
The coordinate bonds, hydrophobic bonds, and hydrogen bonds play a critical role in ligand receptor interaction. Stabilization of ligand with ASGP-R is achieved by coordinate bonds, hydrophobic bonds, and hydrogen bonds. Higher hydrogen bonding is exhibited by the branched carbohydrates (arabinogalactan and pullulan) which could assume conformations that lead to a favorable interaction with the lectin-binding sites, not observed in linear conformations (kappa carrageenan). This correlates with the Glide scores. Coordination of the receptor calcium ion with at least two oxygen atoms of the sugars (3, 45) is considered an important parameter for ASGP-R binding. Preferable oxygen atoms are the 3-hydroxyl and 4-hydroxyl. The Ca bond although seen with arabinogalactan and pullulan was absent with kappa carrageenan. This suggests that despite comparable Glide scores, kappa carrageenan would probably exhibit lower affinity to the receptor, which is reflected in the E model values (Table II) .
At 1 h, the in vivo hepatic accumulation in the order CUR-GZ AG > CUR-GZ KC > CUR-GZ P correlated with the docking data based on Glide scores and is confirmed by the linear and high correlation (Fig. 8) of Glide scores against the hepatic accumulation.
Nevertheless, at the end of 6 h, the in vivo data revealed a complete reversal in ligand affinity with pullulan exhibiting maximum hepatic accumulation and arabinogalactan minimum accumulation (p<0.05) (Figs. 6 and 7) . The decrease in CUR-GZ AG is attributed to rapid clearance due to the low molecular weight of arabinogalactan (46) . Intense radioactivity seen in the kidney at 3 h and in the bladder at 6 h with arabinogalactan ( Fig. 7) confirmed the same, in contrast to pullulan and kappa carrageenan with a higher molecular weight (200 kDa) (47, 48) , which revealed high hepatic accumulation at 6 h in the order CUR-GZ P > CUR-GZ KC. The higher hepatic accumulation of CUR-GZ P is attributed to the stealth property (27) and hydrophilicity (49) .
The data of the docking study based on Glide scores and E model values suggest higher affinity of arabinogalactan and pullulan to the ASGP-R, compared to kappa carrageenan and was confirmed from the in vivo data. This suggests arabinogalactan and pullulan as ligands with greater affinity for liver targeting via the ASGP-R.
Docking analysis provides a good indication of ligand receptor affinity based on physicochemical parameters. The properties that influence the ultimate disposition of ligands in vivo are however not accounted for in docking analysis. Nevertheless, the benefits of docking as a tool to predict ligand receptor interaction are not to be undermined. Docking could definitely help in the preliminary screening of ligands for hepatic targeting.
CONCLUSION
The present study reveals that arabinogalactan as a ligand could enable rapid and high uptake of curcumin nanoparticles, while pullulan as ligand facilitated prolonged Fig. 8 . In vivo docking analysis correlation after 1 h of intravenous administration of CUR-GZ NP hepatic retention of the nanoparticles. More importantly, arabinogalactan and pullulan revealed significantly lower lung and heart accumulation suggesting their relevance as targeting ligands, in the design of nanoparticles with improved cardio and pulmonary toxicity profiles.
